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SUMMARY 

This is  t h e  technical  summary  for  t h e  design, ancil lary tes t ing,  analysis, and 
fabricat ion de ta i l  for  t h e  NASA Aircraf t  Energy Efficiency (ACEE) program on t h e  
b e i n g  737 commer ica l  t ransport .  I t  covers  all work performed on t h e  program 
from July 1977 through December  1981. 

Program object ives  were  to  design and produce an advanced composi te  s tabi l izer  
t h a t  would m e e t  t h e  s a m e  functional c r i t e r i a  as those  for  t h e  exis t ing m e t a l  
s tabi l izer .  Preliminary design ac t iv i t ies  were  devoted to  developing and analyzing 
a l te rna t ive  design concepts  and se lec t ing  t h e  final configuration. Trade  s tudies  
eva lua ted  durabili ty , inspect  abili t y , pr oduci bili t y  , repairabil i ty , and custom e r  
acceptance .  Preliminary development  e f fo r t s  were  devoted  to evaluat ing and 
se lec t ing  mater ia l ,  identifying s t ruc tura l  development test requirements ,  and  
defining full-scale ground and fl ight test requirements  necessary to  obtain Federa l  
Aviation Administration (FAA) cer t i f icat ion.  

Af t e r  select ing t h e  best  s t ruc tura l  a r rangement ,  de ta i l  design s t a r t e d  and included 
basic  configuration design improvements result ing f rom manufactur ing ver i f icat ion 
hardware,  t h e  test program, weight analysis, and s t ruc tura l  analysis. Nonauto- 
m a t e d  detai l  and assembly tools  were  designed and fabr ica ted  to  support a full- 
s ca l e  production program ra the r  than  a l imited run. The producibility development  
programs verified tooling approaches,  fabr icat ion processes, and inspection 
methods  for  t h e  production mode. Qual i ty  par t s  w e r e  fabr ica ted  and assembled 
with a minimum reject ion r a t e ,  using exis t ing inspection methods. 

Basic program goals were: 

0 To make  ex tens ive  and e f f ec t ive  use of advanced composi te  mater ia l  

0 To obtain a minimum weight reduct ion of t h e  composi te  s tabi l izer  over t h e  
me ta l  s tabi l izer  of 20% 

0 T o  demons t r a t e  cost e f fec t iveness  of a composi te  s t ruc tu re  and col lect  cost 
data 

All  program technical  goals were  realized when t h e  design m e t  or exceeded all 
es tabl ished design requirements ,  c r i te r ia ,  and object ives  with an  FAA cer t i f ica t ion  
granted  in August of 1982. Actual  program cost experience showed t h a t  composi te  
s t ruc tu re  is not  cur ren t ly  compet i t ive  with meta l .  Composi te  s t ruc tu res  c a n  
become compet i t ive  by applying au tomated  manufactur ing methods and engineering 
designs ta i lored to automation.  

Manufactur ing of t h e  component s tabi l izer  was performed in a semiproduction 
environment  by production employees. Hand methods were  used for  cu t t ing  and  
layup of broadgoods, ply-by-ply inspection, and trimming. The  l imited production 
quant i ty  of five-and-one-half shipsets  did not warran t  au tomated  manufactur ing 
t h a t  would be  used in quant i ty  production; therefore ,  a cost-competi t ive s t a t u s  
with me ta l  could not be  demonst ra ted  by t h e  ac tua l  program cost. Automated  
manufactur ing methods  and t h e  expec ted  ' reduction in re la t ive  mater ia l  cost will 
a id  in achieving cost par i ty  with m e t a l  s t ruc ture .  
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1.0 INTRODUCTION 

The escal la t ion of a i r c r a f t  fuel  pr ices  has  motivated assessment  of new technology 
concep t s  for  designing and building commerc ia l  a i rc raf t .  Advanced composi te  
materials,  if used extensively in a i r f r a m e  components,  o f fe r  high potent ia l  for  
reducing s t ruc tura l  weight and thereby d i rec t  operat ing costs of commerc ia l  
t ransport  a i rc raf t .  To achieve t h e  goal of production commi tmen t s  to advanced 
composi te  s t ructures ,  t h e r e  is a need to convincingly demons t r a t e  t h a t  these  
s t ruc tures  save  weight, possess long-term durability, and  can  be  fabr ica ted  a t  costs 
competi t ive with conventional me ta l  s t ructures .  

To m e e t  th i s  need, NASA h a s  established a program for  composi te  s t ruc tures  under 
t h e  Aircraf t  Energy Efficiency (ACEE) program. As p a r t  of th i s  program, Boeing 
has  redesigned and  fabricated t h e  horizontal  stabil izer of t h e  737 t ransport  using 
composi te  mater ia ls ,  has  submitted d a t a  to FAA, and  has  obtained cer t i f icat ion.  
Five shipsets of composi te  s tabi l izers  have been manufactured to establish a f i rm 
basis for  e s t ima t ing  production costs and to provide suff ic ient  units for  evaluation 
in a i r l ine service.  This work has  been performed under NASA C o n t r a c t  
NASl-15025. 

The  broad object ive of t h e  ACEE Composite Structures  program is to a c c e l e r a t e  
t h e  use of composi te  s t ruc tures  in new transport  a i r c r a f t  by developing technology 
and  processes for ear ly  progressive introduction of composi te  s t ruc tures  into 
production commerc ia l  t ransport  a i rcraf t .  Specific object ives  of t h e  737 Compo- 
site Horizontal  Stabil izer program were  to: 

0 Provide s t ruc tura l  weight at least 20% less than  t h e  m e t a l  stabil izer.  

0 Fabr i ca t e  at least 4036 by weight of t h e  stabil izer const i tuent  p a r t s  f rom 
advanced composi te  mater ia ls  

0 Demonstrate  cost competi t iveness  with t h e  me ta l  s tabi l izer  

0 Obtain FAA cert i f icat ion for  t h e  composi te  s tabi l izer  

0 Evaluate  t h e  composi te  stabil izer on a i r c r a f t  in a i r l ine serv ice  

To achieve these objectives,  Boeing concen t r a t ed  e f f o r t s  on conceiving, develop- 
ing, and  analyzing a l te rna t ive  stabil izer design concepts. Af t e r  design selection, 
t h e  following were  performed: mater ia ls  evaluation, ancil lary tests to de te rmine  
ma te r i a l  design properties,  s t ruc tura l  e l emen t s  tests, and full-scale ground and 
fl ight tests to sat isfy FAA cert i f icat ion requirements. Specific program ac t iv i t ies  
to achieve object ives  included: 

Program management  and plan development 
Establishing design c r i t e r i a  
Conceptual  and preliminary design 
Manufacturing process development 
Mater ia l  evaluation and select ion 
Verification tes t ing  
Detai l  design 
FAA cert i f icat ion 
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Work accomplished in e a c h  of these  a r e a s  is summarized in this  document  and 
described in de ta i l  in Refe rence  1. 

NOTE: Cer t a in  commerc ia l  products  a r e  identified in this  document in order  to  
specify adequate ly  t h e  charac te r i s t ics  of t h e  mater ia l  and components  
under investigation. In no case does such identification imply recom- 
mendat ion or  endorsement  of t h e  product  by NASA o r  Boeing, nor  does  
i t  imply t h a t  t h e  mater ia l s  a r e  necessarily t h e  only ones avai lable  for  
t h e  purpose. 
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2.0 SYMBOLS AND ABBREVIATIONS 

a i r c ra f t  energy  ef f ic ien t  

Boeing Mater ia l  Specification 

Federa l  Aviation Administration 

Federa l  Aviation Regulation 

independent r e  search and develop men t 

I l B ' l  basic  f ac to r  for  inf ini te  sample 

var ia t ion magnification fac tor  

var iance 
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3.0 TECHNICAL APPROACH 

The technical  approach used to design and develop t h e  composi te  s tabi l izer ,  which 
m e t  t h e  interchangeabili ty and s t i f fness  c r i te r ia  of t h e  existing m e t a l  stabil izer,  is 
shown in Figure 1. During t h e  preliminary design phase, a l te rna t ive  design 
concepts  were  developed and analyzed. These studies resulted in t h e  select ion of 
t h e  stabil izer configuration. Trade studies were  used to eva lua te  durabili ty,  
inspectabil i ty,  producibility, repairabil i ty,  and customer acceptance.  

The preliminary development phase included evaluation and select ion of mater ia ls ,  
identification of ancil lary s t ruc tura l  development test requirements  (including all 
tes t ing excep t  ground and flight tests of t h e  full-scale component),  manufacture  of 
verification hardware,  and definition of t h e  full-scale ground and fl ight test 
requirements  necessary to obtain FAA cert i f icat ion.  

The de ta i l  design ref lected design improvements resulting from verification 
hardware tests, t h e  ancil lary test program, and weight and s t ruc tura l  analysis. 
Ground and fl ight tes t ing ac t iv i t ies  completed t h e  program. Production-quality 
fabr icat ion and assembly tools were  designed and fabricated to support  a produc- 
t ion program r a t h e r  t han  a development program. The  producibility development 
programs were  used to verify tooling approaches,  fabrication processes, and  
inspection methods for  t h e  production mode and to identify costs associated with 
t h e  short  production runs. 

3.1 DESIGN 

The composite stabil izer was  designed to m e e t  the  s a m e  cr i te r ia  as t h e  existing 
m e t a l  stabil izer shown in Figure 2 and was  required to comply with both Federal  
Aviation Regulations and Boeing s t ruc tura l  design c r i te r ia  for model 737. Additional 
c r i t e r i a  were: 

0 The composi te  stabil izer would be  interchangeable with t h e  existing produc- 
t ion me ta l  stabil izer.  

0 The airplane fl ight or handling charac te r i s t ics  would not  b e  significantly 
changed with t h e  installation of a n  advanced composi te  horizontal  stabi-  
lizer. The advanced composite stabil izer would closely match  t h e  existing 
me ta l  stabil izer 's  bending and torsional st if fness. 

0 The geometry and aerodynamic shape of the  advanced composi te  stabil izer 
would b e  t h e  s a m e  as t h e  existing model 737 stabil izer.  

The  s t ruc ture  would b e  designed as damage-tolerant  (fail-safe). 0 

0 The s t rength,  durability, inspectabil i ty,  and serviceabili ty would be  equiva- 
lent  to, or b e t t e r  than,  t h a t  of t h e  m e t a l  stabil izer.  

0 Maintenance and repair  procedures would be  developed for airl ine use. 

In addition to t h e  preceding cr i te r ia ,  t h e  following c o n t r a c t  object ives  w e r e  
imposed: 

il 

0 The component weight t a r g e t  would reduce t h e  weight of t h e  redesigned 
s t ruc ture  by a minimum of 20%. 
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Fiberglass trailingedge panel /- 
Inboard 7 1 /-Inspar rib 

Trail i npedge beam 

edge 

Removable leading edge -J rib 
Front spar- 

Figure 2. Metal Horizontal Stabilizer 

0 The  production cost  of t h e  composite stabil izer would b e  cost competi t ive 
with t h e  m e t a l  stabil izer at t h e  same unit  number. 

Major design areas evaluated were  mater ia ls  and the i r  selection, configuration, and 
environmental  protect ion systems. These a r e  discussed in t h e  following sections. 

3.1.1 Material Evaluation and Selection 

A Boeing-sponsored independent research and development (IR&D) program 
se lec ted  and evaluated possible ma te r i a l  systems using t h e  tests and manufacturing 
considerations discussed in this  section. The graphi te  fiber-epoxy resin systems 
investigated were: 

Graphi te  Fiber-Epoxy Resin System 
T300/5208 
T300/5235 
T300/934 
T300/976 

T300/F263 
T300/F288 

AS/350 1 -5A 

Supplier 

Narmco 
Narmco 
Fiberi te  
Fiber i te  
Hercules 
Hexcel 
Hexcel 

Each prepreg system was  ordered and t e s t e d  in t h r e e  forms: 2-ply preplied t a p e ,  
unidirectional tape,  and plain-weave fabric.  The  mater ia ls  were  ordered to comply 
with specific tolerances on prepreg and cured l amina te  physical properties.  
Physical propert ies  tes t ing of t h e  resin, prepreg, cured laminate ,  and honeycomb 
was  followed by manufacturing producibility comparisons including drape,  t ack ,  
work t ime and layup difficulty. O the r  fac tors  a f fec t ing  t h e  mater ia l  selection 
included resin environmental  durabili ty and supplier production experience,  capac -  
i t y ,  and control. The  Narmco T300/5208 system was selected because it best 
sat isf ied a majority of t h e  selection criteria. The mater ia l  form was predomi- 
nately fabric  with selected application of tape.  

7 



3.1.2 Structural Concepts 

The th ree  concepts  shown in Figure 3 were  considered. Because t h e  weights of 
these  concepts  were  comparable ,  t h e  s t i f fened skin concept  was se lec ted  for i t s  
cost  savings potential .  In addition, t h e  design concept ,  technology, and experience 
for t h e  s t i f fened skin concept  a r e  directly applicable t o  a more  highly loaded 
primary s t ructure .  

Figure 3. Stabilizer Box Concepts 
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Afte r  select ing t h e  s t i f fened skin concept ,  t h r e e  skin s t i f fenin designs (fig. 41, 
t h r e e  spar lug designs (fig. 5) ,  and two  r ib  configurations (fig. 6 f were  evaluated. 
l3ased on these  t r a d e  studies, t h e  e s t ima ted  minimum cost and risk concep t s  were  
selected.  The design concepts  t h a t  f ea tu red  a minimum number of de ta i l  p a r t s  and 
fasteners ,  pe rmi t t ed  simplified tooling and fabrication schemes, and were  ame-  
nable to available engineering analysis methods tending to be  minimum cost and 
minimum risk. The resulting composi te  stabil izer design is shown in Figures 7 and 
8. The  design incorporates  graphite-epoxy cocured, I-stif fened upper and lower 
su r face  l amina te  panels (fig. 9). The selected rib configuration is fully shear-tied 
with a honeycomb sandwich web (fig. 10). The spars  a r e  I-section solid laminates  
(fig. 11) with mechanically a t t a c h e d  stiffeners.  The box is then  assembled with 
mechanical fasteners.  The point of interchangeabili ty with t h e  c e n t e r  sect ion 

I 

Hat stiffener panel Blade stiffener panel I-section stiffener panel 

Figure 4. Skin Pami Concepts 

All-graphite Bonded interleaved titanium Bolted titanium plate 

Figure 5. Spar Lug Concepts 
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Figure 6. Rib Concepts 
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*Same for upper t- Gap cover 

- 
Figure 7. Advanced Composite Horizontal Stabilizer 

Upper skin panel Inboard closure rib 

Trailing-edge beam 

Figure 8. Stabilizer lnspar Structural Arrangement 
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Doubler for inboard closure rib joint 

Stiffener runout 

I Doubler for 
rib joint 

Section A-A 
1 

A 

Section B-B 

F F n r  

SA 7 Stiffener 

Section C-C 

Figure 9. Skin Panel 

(0.25 0.64cm-7 in) t- 

Typical inspar rib 

. . .  

y fabric, 
Y tape 

01 side 

Attach angle - Rear spar 

A- A 

Figure 10. Typical lnspar Rib 
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I Precured cap 

i- Titanium lug straps [1> /- 
Secondary bond 

Section B-B Precured 
chord elements 

I I ,cured 
Channel 

\ B  
Fail-safe 
chord Access hole 

(3 places) 

Inspection hole 
(6 places) Section A-A 

Titanium lug straps 

chord elements 

Section G C  

(15-5 PH) stainless steel was substituted because of the unavailability of heat-treated titanium. 

UP 

9 In board 

Forward 

Figure 1 1. Front and Rear Spars 
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(fig. 12) was maintained by using t h e  spar  lug design concept  t h a t  combined 
graphite-epoxy and hea t - t rea ted  t i tanium. 

ront spar lugs 
Airnlane 

Stabilizer 
support points 

Forward- 

Outboard, / 1 \ 
Rear spar lugs 

- #  

Outboard 

Figure 12. Center Section Interfaces 

3.1.3 Environmental  Protection Sys tems 

The design incorporated protect ion measures  for lightning, corrosion, and thermal  
expansion problems normally associated with graphite-epoxy s t ruc ture .  These 
protect ion measures  include: 

Lightning-The se lec ted  lightning protect ion system provided an  e l ec t r i ca l  pa th  
around t h e  en t i r e  per imeter  of t h e  graphite-epoxy s t ruc tura l  box (fig. 13) and  
supplied a conduct ive coat ing over t h e  graphite-epoxy s t ruc tura l  box in t h e  c r i t i ca l  
s t r ike  a r e a  (fig. 14). 
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Metal trailing- 
edge ribs 7 Metal reinforced 

graphite-epoxy lugs- Graph i te-epoxy 
stabi I izer box 

Y\\ Metal elevator spar 

upper and lower surface 

Metal rib cap 

Figure 13. Stabilizer Lightning Protection 

Trailing-edge panel 

Lightning conducting surface Trailing-edge beam 
(aluminum flame spray) 

Elevator skin I nsu I a t i  on layer 

Stabilizer skin panel 

Tip fairing / (fiberglass) 

(alu Leading m i nu edge m ) -  1 Tip leading edge 
(aluminum) 

Figure 14. Lightning Protection System 
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The e lec t r ica l  pa th  around t h e  graphite-epoxy box was provided by the  aluminum 
leading edge, t h e  aluminum rib c a p  of t he  outboard closure rib, and the  aluminum 
e leva tor  spar. These components  were electr ical ly  connected by bonding straps.  
The s tabi l izer  was  electr ical ly  grounded t o  t h e  fuselage through the  aluminum 
cen te r  section. The e lec t r ica l  path t o  t h e  cen te r  sect ion was provided through t h e  
t i tanium lug s t raps  and t h e  leading- and trail ing-edge ribs. 

In t h e  c r i t i ca l  s t r ike  a rea ,  aluminum flame-spray was applied over t he  outboard 
48 c m  (18 in) of t h e  upper and lower skin surfaces.  The conductive coat ing was  
electr ical ly  connected to  t h e  aluminum rib cap  of t h e  outboard closure rib by four 
mechanical fas teners  and dimpled washers. 

Corrosion-The corrosion protect ion system isolated graphite-epoxy sur faces  f rom 
aluminum s t ruc ture ,  which minimized t h e  cathodic  a r e a  (graphite) available for  
e lec t rochemica l  reaction. This system provided corrosion protect ion equivalent to 
t h a t  of t h e  existing baseline meta l  stabil izer (fig. 15). The corrosion protect ion 
system consisted of covering graphite-epoxy sur faces  t h a t  in te r face  with aluminum 
s t ruc ture  with a ply of fiberglass cocured with t h e  graphite-epoxy or  painted wi th  
pr imer  and epoxy enamel.  All graphite-epoxy sur faces  t h a t  a r e  within 7.62 c m  
(3  in) of aluminum, including c u t  edges,  were  primed and enameled.  An except ion 
was on sur faces  where Tedlar film could be applied to t h e  graphite-epoxy layup 
during cure.  If t he  pa r t  was  not  painted,  t h e  c u t  edges  were  f i l le t  sealed on 
assembly. In addition t o  t h e  isolation of graphite-epoxy surfaces  f rom aluminum 
s t ruc ture ,  all  aluminum detai ls  were  anodized or  alodine t r ea t ed ,  primed, and  
enameled.  On assembly, a polysulfide faying sur face  sea l  was applied between t h e  
graphite-epoxy pa r t  and the  aluminum part .  Fas teners  through t h e  aluminum p a r t  
were  installed with we t  polysulfide sealant.  In addition, all  graphite-epoxy face 
shee ts  on honeycomb s t ruc tu re  were  sealed with e i the r  Tedlar f i lm o r  pr imer  and  
enamel  t o  prevent  moisture en t rapment  in t h e  core .  

Thermal Expansion-The g rea t e r  thermal  expansion of t h e  existing aluminum/ 
fiberglass e levator ,  in comparison to t h e  graphite-epoxy s tabi l izer  box, required 
modifications in t h e  trailing-edge a r e a  to limit  thermal  s t ress  levels and to allow 
f o r  unrestr ic ted movement  of t h e  elevator.  The s t ruc tura l  components  t h a t  
required a t t en t ion  were  t h e  elevator  hinge support  s t ruc ture ,  t he  in te r faces  of t h e  
balance panels  with the  support  s t ruc ture ,  and t h e  fixed trailing-edge s t ruc tu re  
(fig. 16). 

The design approach was to replace t h e  aluminum trail ing-edge beam with a 
graphite-epoxy design. This e l iminated any thermal-induced loads in t h e  fixed 
trail ing-edge s t ructure .  Next,  a thermal  compensating mechanism was designed to 
provide t h e  primary load path for t he  elevator  s ide load at  elevator  s ta t ion  39.02, 
while allowing t h e  elevator  thermal-induced length change t o  be  cen te red  about  
e leva tor  s ta t ion 121.59 (fig. 7). 

This mechanism automatical ly  adjusted for  t h e  e leva tor  thermal  expansion by 
amplifying t h e  re la t ive  movement  of t h e  aluminum s t r u t  with respec t  to t h e  
graphite-epoxy r ea r  spar  causing t h e  side-load hinge f i t t ing to ro t a t e  in unison 
with t h e  elevator  expansion. At  e levator  s ta t ions  24.90, 66.54, 176.64, and 213.32 
(fig. 7), t h e  stabil izer hinge support f i t t ings were  modified to provide a sliding 
bushing design. This allowed the  elevator  to expand without any l a t e ra l  constraint .  
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No-finish outboard Rear 

No-finish attach angle 
(graph i te-epox y ) 

Rib 
(graphite-epoxy 
honeycomb) 

(aluminum) No-finish filler 

Plate (aluminum) 
(graphi te-epoxy) 

No-finish filler 
(phenolic) - + Forward - 

Pinhole filler and surfacer + primer and 
polyurethane gray enamel 

12', 1 ply Tedlar film (PVF) transparent 
100 BG, 30 TR 

Epoxy impregnated fiberglass fabric, 
type 120; cocure with graphite-epoxy 

Is'> Aerodynamic smoother 

15', Anodize and primer +white enamel 

Is', Pinhole filler and surfacer + primer and 
white epoxy enamel 

17) Same as Is'> except surfacer omitted 

Wet install fastener with corrosion 
protection sealing 

19', Fillet seal 

Ilo> Alodine and primer +white enamel 

Ilr> Faying surface seal 

112) Alodine and primer + polyurethane 
gray enamel 

Figure 15. Corrosion Protection System 
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Stabi I izer 
(graphite-epoxy) 

Trai I ing-edge beam 
fittings 

Elevator (aluminum 

Figure 16. Thermal Compensating Mechanism 

At  elevator  s ta t ion  121.59, t h e  existing clamped hinge design was  kep t  to provide a 
fai l -safe  load pa th  for t h e  side-load condition. Because the  the rma l  compensat ing 
mechanism keeps t h e  e leva tor  thermal  expansions centered  about  this  hinge 
location, t h e  existing e leva tor  has  unrestr ic ted movement  regardless  of t h e  
t empera tu re  changes,  while existing load paths  a r e  maintained. Finally, t h e  piano 
hinge a t t a c h m e n t  for t h e  balance panels at the  s tabi l izer  in te r face  were  s lo t ted  to  
allow f r e e  movement  of t h e  balance panels with e leva tor  t he rma l  expansions. 
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4.0 ANALYSIS AND TEST 

Detailed s t ruc tura l  analyses  and tests were  performed during t h e  program t o  
provide the  documented evidence required for  cer t i f icat ion.  Thermal  and moisture 
analyses were  performed,  and a f ini te-element  model of t h e  s tabi l izer  was  
developed to de termine  internal  loads. Tes ts  conducted in this  program included a n  
ancil lary test program, a full-scale ground test, and fl ight tests for  f lu t te r  and 
s tabi l i ty  and control.  The ancil lary test program contained coupon, s t ructural-  
e lement ,  and subcomponent tests. S ta t ic ,  fa t igue,  and damage  to le rance  tests 
were  performed with t h e  effects of environment  included. The results of these  
tests supported t h e  s t ruc tu ra l  analysis and provided t h e  documented evidence for  
FAA cert i f icat ion.  

4.1 ANALYSIS 

4.1.1 Environmental Analysis 

Analyses were  performed t o  establish t h e  most c r i t i ca l  environment  expec ted  in 
a i r c ra f t  service.  A the rma l  analysis showed t h a t  a maximum tempera tu re  of 82OC 
(180'F) and a minimum tempera tu re  of -59OC (-75'F) could be expected.  The 
resul ts  of this  t he rma l  analysis were  similar t o  resul ts  obtained by another  
NASA/ACEE program (ref. 2). Moisture conten t  s tudies  were  performed and 
indicated t h a t  a moisture con ten t  of 1.0% by weight could conservatively b e  
expec ted  in service.  This resul t  was confirmed by severa l  s tudies  (refs. 3 and 4). 
Further  analysis showed t h a t  combining t h e  1.0% moisture  con ten t  with t h e  above 
t empera tu re  ex t r emes  would be  a conservat ive means of establishing t h e  environ- 
menta l  requirements.  Da ta  on the  s t rengths  of basic  laminates ,  s t ruc tura l  detai ls ,  
and subcomponents were  obtained at these  e x t r e m e  conditions. These s t rength  
d a t a ,  combined with s ta t is t ical ly  derived reduction fac tors ,  provided high- 
confidence design values for  use in t h e  substant ia t ing analysis. 

4.1.2 Design Values 

The design values used for t h e  final s t rength  analysis were  based on coupon or 
s t ruc tura l  e lement  test d a t a  f rom t h e  ancil lary test program presented in Section 
4.2 of Reference  1. Average test values were  reduced in a manner similar to t h e  
probability and confidence levels of MIL-HDBK-5B "B" basis; namely,  t h a t  90% of 
t h e  population will be  higher with a confidence of 95%. These reduction f ac to r s  
conservatively accounted for mater ia l  s t rength  variations,  test specimen geometry  
variations,  and test condition variations. 

Mater ia l  s t rength  correct ion f ac to r s  for  each  test condition were based on process 
cont ro l  test resul ts  col lected f rom t h e  ancil lary test specimens and analyzed to 
establ ish t h e  s t rength variations. A mater ia l  fac tor  was used to co r rec t  each  test 
point to t h e  mean of t h e  process  panel population, and a second fac tor  was  used to 
c o r r e c t  t h e  mean value to t h e  required confidence level. A variation magnification 
fac tor  was  determined t h a t  accounted for  var ia t ions in test specimen geometry ,  
test procedure,  and conditions. Coeff ic ients  of variation for every unique test 
condition and specimen geometry  were  calculated.  A distribution analysis of these  
coef f ic ien ts  of var ia t ion was performed. From this  distribution, t h e  maximum 
variance with less than  a 5% probability of exceedance  was  determined t o  be  8.1%. 
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The variation magnification factor then  was  computed  as: 

B, MAX V M F  = 1 - K 

where kB,is t h e  equivalent to rlBlr basis f ac to r  for  a n  infinite sample. The  VMAX 
is t h e  maximum variance.  

Reduct ion f ac to r s  were  obtained by multiplying t h e  t h r e e  correct ion fac tors ,  and 
t h e  f inal  design values w e r e  obtained by multiplying t h e  average  test values  by t h e  
reduct ion factors .  The  reduct ion f ac to r s  calculated by this  procedure var ied f rom 
0.70 to 0.86. 

4.1.3 Finite Element Analysis 

The f ini te  e l emen t  model used to obtain internal  s t ra in  distributions is shown in 
Figure 17. The inspar box s t ruc tu re  and t h e  trailing-edge s t ruc tu re  were  modeled 
using t h e  f in i te  e l emen t  analysis. The elevator  bending s t i f fness  was represented 
in t h e  e leva tor  hingeline beam. The stabil izer was  supported on a model of t h e  
c e n t e r  sect ion to provide representa t ive  s t i f fness  load pa ths  to t h e  body support 
points. A typical s t ra in  plot is  shown in Figure 18. Strains  for  t h e  upper sur face ,  
lower sur face ,  f ront  spar ,  and r ea r  spar  were  plot ted for  each  fl ight condition. 
These p lo ts  were  used to  def ine t h e  c r i t i ca l  s t ra in  locations and magnitude for  e a c h  
condition. The c r i t i ca l  s t ra in  location is a t  t h e  inboard end of t h e  r ea r  spar.  Strain 
levels for  t h e  c r i t i ca l  condition a r e  shown in Figure 18 and approach 2600 pin/in as 
t h e  maximum value. Temperature-induced s t ra ins  in t h e  s tabi l izer  lower skin a r e  
shown in Figure 19, and  1.0% moisture-induced s t ra ins  a r e  shown in Figure 20. 
Flight load s t ra ins  were  combined with t h e  thermal  and moisture s t ra ins  to 
establ ish t h e  c r i t i ca l  s t ra ins  used in t h e  analysis. 

ubstructure 3 upper surface 

Substructure 1 inspar box 

Substructure 4 trailing- dy cente'\i'e 
edge support structure 

Substructure 5 center section 
support structure 

Substructure 2 lower surface 

Figure 17. Finite Element Model Substructure Definition 
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Figure 18. Example of Finite Element Analysis Model Strain Distribution 

R U N  ID 
1 0  
2 2.E-4 
3 4.E-4 
4 6.E-4 
5 8.E-4 
6 l .E-3 

Rear 
spar 

Staiion I Station spar 
166.30 Station 83.50 

11 1.10 
Spanwise thermal strain distribttion 
for lower surface at 82OC (180 F), dry 

Figure 19. Example of Thermal-Induced Strains 
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Rear 
spar 

Station 
83.50 I Staiion 

166.30 

Spanwise strain distribution Station 
111.10 for lower surface for 1% moisture 

Figure 20. Example of Moisture-Induced Strains 

4.1.4 Bird Strike Analysis 

The composi te  horizontal  stabil izer was required t o  mee t  t h e  FAR 25.631 bird- 
s t r ike  requirements  of a 3.6-kg (8-lb) bird for empennage s t ruc ture .  This is a new 
requirement  s ince cer t i f ica t ion  of t h e  original 737 a i r c ra f t  and was m e t  by 
increasing t h e  cu r ren t  0.1 -cm (0.04-in) thick aluminum leading edge  to 0.2-cm 
(0.08-in) thick aluminum. This increase in gage was established by showing design 
similari ty to the  s t ruc tures  t e s t ed  in References  5 and 6. The gage  was  se lec ted  to 
completely s top  .the bird a t  t h e  leading edge. In addition, a la rge  sect ion of t h e  
supporting graphite-epoxy s t ruc ture  was assumed to be damaged,  and t h e  remaining 
s t ruc tu re  was analyzed and shown t o  be  adequate  for t h e  required c r i t i ca l  loads. 

4.2 ANCILLARY TESTING 

The test program was ta i lored to provide supporting test d a t a  for compliance with 
FAR 25 (ref. 7) and t h e  recommendat ions of t h e  Advisory Circular (ref.  8). The  
tes t ing performed in t h e  program included a n  ancil lary test program, a full-scale 
ground test, and a fl ight test. Full-scale ground tes t ing  and fl ight tes t ing  a r e  
summarized in Sect ion 3.0 of References  9 and 10. 
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The ancil lary test program covered coupons, s t ruc tura l  details ,  s t ruc tura l  e le-  
ments,  subcomponents, and a s tub box test. The types  of tes t ing included s ta t ic ,  
fa t igue,  damage  tolerance,  repair ,  and environmental  testing. The coupon, 
s t ruc tura l  detai l ,  e lement ,  and subcomponent tests including repair  a r e  shown in 
Figure 2 1. 

Root lug tests Impact defect 
Skin panel repair Stiffened skin panel-fatigue 

Spar chord crippling 

Pressureshear 
skin joint 

d’ dF 
Skin panel-to-rib 
attachment 

I ,  

h 

_ _ _ _ _ _ _  _ _ _ _  
T 

Sonic test box 

I 
Mechanical joint 

Discontinuous laminate Spar shear web 

Figure 2 1. Ancillary Test Plan 

This test plan was s t ruc tured  t o  provide: 

0 Material  design values, including environmental  effects 
0 Strength and fat igue performance 
0 Verification of final design detai ls  
0 Strength and fat igue performance of repairs  

Moisture conditioning of test sp%cimensOwas accomplished by placing t h e  p a r t s  in 
a n  environmental  chamber  at 60 C (140 F) and 100% relat ive humidity (RH) until  
1.1% moisture  level was obtained. 

The s tub box test, a subcomponent test of t h e  inboard sect ion of t h e  stabil izer box, 
together  with its planned test program is shown in Figure 22. 
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UP + Inboard 

Forward 

Front spar 

-\ Rear spar 7 

Moment(M17 2 

Station Elevator 
”.” lL,evator hinge loads 

hinge 
line 

Shear (VI 

Station 
138.00 

1778.0.mm (70.in) long inspar box test section 

Test sequence: 

Limit load test 
One lifetime repeated loads 
Ultimate load test 
Onehalf lifetime repeated loads- 
damage tolerance 
Damage tolerance-discrete damage 
Destruction 

Figure 22. Stub Box Test Plan 

Resul ts  f rom t h e  e lement  and s t ruc tura l  de ta i l  ancil lary test program a r e  sum- 
marized in Table 1. Detailed test resul ts  a r e  reported in Reference  1. Detai ls  of 
t h e  damage  to le rance  tes t ing  were  previously reported in Reference  11. The  test 
resul ts  summarized in Table  1 toge ther  with t h e  d a t a  f rom t h e  727 Advanced 
Composi te  Elevator Program (ref .  12) provided basic mater ia l  design values, 
including t h e  effects of t empera tu re  and moisture for  t h e  s t a t i c  s t rength  and 
s t i f fness  of t h e  lamina tes  and s t ruc tura l  de ta i l s  used in t h e  stabil izer.  The 
resis tance to damage  growth from repea ted  load cycling was adequately shown for  
t h e  major s t ruc tura l  de ta i l s  s ince damage  inflicted a t  t h e  visible level  did not 
propagate  during spec t rum loading. Residual s t rength  capabi l i ty  was  demonst ra ted  
for  t h e  major s t ruc tura l  de ta i l s  a f t e r  one  l i fe t ime of spec t rum loading at c r i t i ca l  
environmental  conditions. Adequate  residual s t rength  also was demonst ra ted  for  
t h e  skin panels a f t e r  being damaged with simulated swept-stroke lightning. Major 
skin and s t r inger  damage  repair  procedures  were  developed and verified by test. 
The resis tance of t h e  cocured laminate/s t r inger  design and a t t a c h m e n t  de ta i l s  to 
sonic environment  was  established by subjecting these  de ta i l s  to severa l  l i fe t imes  
of sonic testing. 
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The stub box test program is defined in Figure 22, and t h e  test setup is shown in 
Figure 23. Initial strain surveys obtained during t h e  limit-load tests confirmed 
analytical  predictions. One l i fe t ime of spectrum loading was applied, and no 
fatigue damage was detected.  Limit-load tests were repeated,  and s t ra in  surveys 
were obtained. A comparison of t h e  s t ra in  gage d a t a  before and a f t e r  t h e  
spectrum loading showed no change in t h e  load distribution. Discrete damage t h a t  
would be visible during normal airline inspections was then inflicted in several  
cr i t ical  areas.  The s t ructure  was spectrum loaded for a n  additional one-half 
l ifetime, and t h e  discrete  damage a r e a s  were inspected during this  loading. None 
of t h e  damage areas  increased in s ize  during this loading. Major discrete  damage 
was inflicted on t h e  s t ructure  in three  cr i t ical  areas:  

0 
0 

0 

Front-spar upper chord (fig. 24) 
Lower surface stringer 2 and two skin bays (fig. 25) 
Rear-spar lower chord (fig. 26) 

The box was loaded to t h e  cr i t ical  fail-safe load levels for each area.  For each  of 
t h e  three  damage sites, t h e  fail-safe load levels were successfully achieved. 

By tes t ing t h e  cr i t ical  s t ructure  early in t h e  program, t h e  following advantages 
were  gained: 

Figure 23. Stub Box Test Setup 
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I1 Front spar ---- 0 Section through front spar, showing area of cut (shaded) 

Figure 24. Stub Box Damage Tolerance Test-Front-Spar Upper Chord, Skin, and Leading Edge 

Station 

/ 
Foiward 

I I I 
Station Station Station Station spar 
11 1.1 97 83.5 68.14 

Figure 25. Stub Box Damage Tolerance Test-Lower Surface Skin and Stringer 
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Rear spar 
lower chord I i I  Cut gap = 3.05 mm *1.5 

(0.12 in 20.06) J 

6.35 mm (0.25 in 
7.87 mm (0.31 i 

Station Station 
83.5 \ 68.14 

\Cut 
location 

66.04 mm - 
(2.6 in) I 

Figure 26. Stub Box Damage Tolerance Test-Rear-Spar and Lower Chord 

0 Identified modifications t o  design of the  rear  spar lugs with minimum 
impact  on production s t ruc ture  and schedule 

0 Verified s t ruc tura l  load paths  

0 Verified t h e  f in i te  e lement  model 

0 

4.3 ENVIRONMENTAL TEST PANEL 

Data  support  for  t h e  "no-growth" damage  to le rance  philosophy 

As  pa r t  of t h e  s tabi l izer  cer t i f ica t ion  program, a n  environmental  test panel was 
t e s t ed  to demonstrate:  

0 The effects of moisture and t empera tu re  on the  s t ra in  distributions of a 
highly loaded s t ruc tu re  

0 The capabili ty of t h e  cr i t ical ly  loaded graphite-epoxy 
s tand l imit  and u l t imate  loads under hot-wet  and cold-dry conditions 

s t ruc tu re  to with- 

0 The capabili ty to predict  t h e  effects of moisture and t empera tu re  ex t r emes  
by analysis 
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A panel t h a t  represented a segment  of t h e  stabil izer lower skin and rear spar  was 
t e s t e d  in a combined-load f ixture  to producg t h e  y m e  s t ra in  dis tgbut ion as t h e  
full-scale box. The panelowas t e g e d  at 21 C (70 F), -59OC (-75 F), and (a f te r  
exposure to moisture) at 82 C (180 F). The panel test se tup  is shown in Figure 27. 
A photograph of t h e  test panel is shown in Figure 28. 

Station 

E Lower skin panel 

w lower chord 

Skin panel shear load 
Closure rib chord reaction 
Rib chord reaction 
Trailingedge panel load 

Trailingedge beam load 

Rear-spar lower lug load 
Rearspar closure rib intersection 
Elevator hinge loads 
Spar chord load 

Skin panel load 
Trailingedge rib spar intersection 

Figure 27. Stabilizer Rear-$par Lower Chord and Skin 
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Figure 28. Environmental Test Panel 

A comparison between predicted and measured strains is shown in Figure 29 for t h e  
gage located at s ta t ion 83.5 on stringer 1. Close agreement  was obtained for  all 
th ree  test conditions. The degree of correlation obtained validated the  analytical  
approach of algebraically adding together  t h e  strains caused by t h e  applied load 
and t h e  thermal  and moisture environment. The panel was loaded t o  t h e  design- 
ul t imate  load at t h e  82OC (180°F) wet  environmental  condition, and no failures 
occurred at this load level. Loading was continued and t h e  panel failed a t  137% of 
design-ultimate load by shear-out of t h e  metal  lug plates. This load level was 
similar to t h a t  previously achieved by t h e  lug subcomponent test specimens. 

4.4 WEIGHTS 

Only t h e  inspar primary box structure of t h e  horizontal stabil izer,  which was 
redesigned using graphite-epoxy material ,  is evaluated for weight reduction. Initial 
weight evaluation of t h e  graphite-epoxy s t ructure  shown in Table 2 was developed 
using preliminary design information and layout drawings. These d a t a  were  
updated using f ini te  e lement  information and t h e  s tub box test component drawings 
to represent t h e  production s t ructure;  t h e  s tub  box design then was extrapolated to 
t h e  full-size structure.  This revision resulted in a weight increase of 7.5 kg 
(16.6 lb). 

The initial weight comparison between t h e  graphite-epoxy s t ructure  and t h e  
existing aluminum s t ruc ture  showed a reduction of 29%. After  incorporating t h e  
s tub box design revision, a weight reduction of 27% resulted. For production 
weight d a t a  analysis, see Section 3.5 of References 9 and 10. 
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Spanwise strain, 
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0 20 40 60 80 100 

Percentage of design ultimate load 

Test Prediction 
Test location: Stringer 1 at 2loC (7O0F),1ambient dry 0 0 

station 83.5 rib -59OC (-75OF), dry A A 
82OC (18OoF), wet 0 m 

Figure 29. Comparison of Strain Gage and Analytical Model 
Prediction for Environmental Panel Test 
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Table 2. Composite Stabilizer lnspar Structure Weight Comparison 

Horizontal 
stabilizer-737 

Front spar 

Rear spar 

Skins 

Ribs 

Access doors 

Total stabilizer 
inspar structure/ 
airplane 

Metal 
design weight 
kg (Ib)/airplane 

31.3 
(69.0) 

71.2 
(1 56.9) 

72.3 
( 1 59.5) 

60.9 
(134.2) 

0.7 
(1.6) 

236.4 
(521.2) 

Composite 
design weight 
kg (Ib)/airplane 

20.2 
(44.6) 

42.9 
(94.6) 

71.8 
(1 58.3) 

30.3 
(66.8) 

0.9 
(2.1) 

166.1 
(366.4) 

Weight reduction 
kg (Ib)/airplane 

-1 1.1 
(-24.4) 

-28.3 
(-62.3) 

-0.5 
(-1.21 

-30.6 
(-67.4) 

+o. 2 
(+0.5) 

-70.3 
(- 154.8) 

Percent change 

-35.0 

-40.0 

-0.7 

-23.0 

+28.0 

-29.0 



5.0 FABRICATION DEVELOPMENT 

Design a n d  s t ress  engineers  worked with manufactur ing and quality cont ro l  
engineers  t o  develop manufactur ing and tooling techniques for t h e  737 composi te  
horizontal  stabil izer.  They also established producibility and cos t s  of various 
design concepts.  This t e a m  e f fo r t  led to development  of t h e  fabricat ion methods 
used to produce five-and-one-half stabil izer shipsets. 

5.1 TRADE AND PRODUCIBILITY STUDIES 

These studies determined t h e  re la t ive  cost and difficulty of producing specif ic  
pa r t s  with varied design- concepts ,  using d i f fe ren t  types  of mater ia ls  and/or refined 
tooling. The following composi te  pa r t s  were  studied: 

0 I-Stiffened Panel. This study compared cost and producibility for  this  design 
of stabil izer panel  using woven fabric  or ,  a l ternat ively,  preplied unidirec- 
t ional  t a p e  in t h e  I-channel sect ions (fig. 30). The woven fabric ,  which 
required 36% less fabr icat ion labor,  was  t h e  most  economical  fabr icat ion 
mater ia l .  Tooling and manufactur ing procedures  were  developed to ensure 
accu ra t e  s t i f fener  a l ignment  and spacing (figs. 31 and 32). 

03  plies each @Trim edges Join halves and pin 
Ply 3 4 5 ,  -45 deg 
Ply 2 90, Odeg 
Ply 1 -45, +45 deg 

Separate from wood block 

Layup and debulk 

4 
I Debag Locate stiffeners on skin, Fillers-lower flange 

Remove aluminum mandrels add fillers and cap strips 
to upper flange 

Remove pins 
Replace steel pins with Teflon pins 

I Bag and cure 

I Figure 30. Layup of /-Section Stiffeners 
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Figure 32. Tool Concept of I-Section Stiffeners 
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0 Inspar Rib Trade Study. The cost of t h e  corrugated rib design was found to b e  
2.1 t imes grea te r  than t h e  cost of t h e  honeycomb rib design t h a t  was selected 
(figs. 33 and 34). 

0 Spar Lug Fabrication. Three spar a t t a c h  lug designs, shown in Figure 35, 
were fabricated and nondestructively inspected. This inspection showed t h a t  
integrity of t h e  bond in t h e  bolted and bonded s t rap  was significantly greater  
than t h a t  of t h e  s t rap  t h a t  was only bonded. In addition, labor cost of t h e  
bolted and bonded design was one-third t h a t  of the  all-graphite design. 

5.2 ANCILLARY TEST COMPONENT FABRICATION 

The ancillary test coupons, e lements  and assemblies (figs. 36 through 4 I )  were  
manufactured in a production environment using materials and processes described 
in standard specifications. These par ts  were tes ted to determine mater ia l  design 
values and establish concept  validity as described in Section 4.2. 

Figure 33. Corrugated Inspar Rib 



Figure 34. Honeycomb lnspar Rib 

All-graphite Bonded titanium straps Bolted titanium straps 

Figure 35. Spar Lug Concepts 
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Figure 36. Ancillary Test -Typical Tensile Specimens 

Figure 37. Spar Chord Crippling-Specimen Ready for End Potting 
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Figure 38. Panel-to- Rib Joint Test 

Figure 39. Panel-to- Rib Joint Test 



Figure 40. Compression Test Panel-Stiffened Side 



Figure 4 1. Spar L ug-Completed Compression Specimens 
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5.3 MANUFACTURING VERIFICATION HARDWARE 

The Test 21 stub box of t h e  ancillary test program was used for manufacturing 
verification. Figures 42 through 47 show components in fabrication and assembly. 

Problems encountered during development included: 

0 Excessive resin bleedout and bag failures during cure  of t h e  first  chord detai l  
par t s  were  eliminated in subsequent production by modifying processing 
procedures t h a t  have been incorporated into a n  updated process specification. 

0 Material buildup in corner a reas  of t h e  first  honeycomb ribs was deemed 
inherent in t h e  design and cer ta in  to result  in par t  rejection and/or rework. 
The engineering revision shown in Figure 48 improved t h e  design and elimi- 
nated t h e  problem. 

0 The f i rs t  production verification I-stiffened skin panel provided two major 
problems: excessive panel warpage and unacceptable porosity on t h e  tool 
side skin surface.  The warpage was approximately halved, 1.40 c m  (0.55 in) 
to 0.76 c m  (0.30 in), by substituting woven fabric  for unidirectional t a p e  
along t h e  stringer top  (fig. 30, sec. 5.1). Skin surface porosity was reduced to 
a level t h a t  allowed routine finishing to provide a n  aerodynamically sound 
surface by using tows of fiberglass yarn to provide paths for improved air  
evacuation on t h e  toolside during bagging and cure.  This procedure, using 
fiberglass yarn in proportion to layup area ,  has  been incorporated into t h e  
process specification. 



Figure 42. Stub Box Front Spar-Completed Details Being Inspected 

Figure 43. Stub Box I-Stiffened Skin Panel-Layup of  l-Stiffeners 
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Figure 44. Stub Box I-Stiffened Skin Panel-Trimmed Part 

Figure 45. Stub Box- Trailing - Edge Beam, Rear Spar, and 
Graphite-Epoxy Ribs in Place 
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Figure 46. Stub Box-Front and Rear Spar, Lower Skin Panel, 
and Ribs With Instrumentation 

I "  -- 

Figure 47. Stub Box-Front View of Completed Assembly 



+- 
I _ _ _ _ -  - - ~ - _  

I t  

- _  

-.- 
Typical Honeycomb Rib 

Verification Hardware Design 

Materia I bu i Idu p (exaggerated) 

Current Production Design 

Figure 48. Honeycomb Rib-Evolution of Design 

5.4 QUALITY ASSURANCE DEVELOPMENT 

This sect ion reviews t h e  development of nondestructive test standards for standard 
l amina te  d e f e c t  specimens and inspection procedures. I t  also includes a summary 
of t h e  discrepancy analysis of t h e  composite p a r t s  produced. 

5.4.1 Nondestructive Inspec tion Development 

Standards were  fabricated to eva lua te  test techniques and establish procedures for 
t h e  nondestructive inspection of t h e  composite parts.  Two types of s tandards were  
built  and used in t h e  evaluation: preliminary standards,  which represented 
ant ic ipated de ta i l  designs, and production standards,  which exac t ly  reproduced t h e  
p a r t  configuration. The f i rs t  was  used to eva lua te  t h e  test techniques,  and t h e  
second was used to provide s t ruc tura l  sections,  duplicating production parts,  to 
se lec t  and refine test procedures. Figures 49 and 50 show representat ive s tandards 
used to eva lua te  test techniques and equipment. Figures 51 through 55 show 
production p a r t  repl icate  s tandards and test equipment. 
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Figure 49. Nondestructive Inspection Standards for Test Technique Evaluation 

Dimensions: mm 
(in) 

t 
76 

f 
76 
(3) 

I- 229 19) 7 +;+ ;:) +$ --I 

152 
(6) I 

AF- 143 adhesive 

Nomex core 
1.27 cm (0.50 in) thick 
0.32-cm (0.13 in)cell 

AF-143 adhesive 

0.63-cm (0.25in) square disbond 

0.63-cm (0.25in) square adhesive cutout 

Two 0.63-cm (0.25-in) square Teflon shims-2 mil 

12> 
13) 

I Ply No. I Orientation, deg 1 
I 1  I 0 I 

2 0 I 
Figure 50. Nondestructive Inspection Standard La yup With Defect Inclusions 
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Figure 51. Fokker Bond Testing of Rear-Spar Assembly 

REAR SPAR 
ASSEMBLY 

Figure 52. Sondicator Inspection of Rear-Spar Assembly 

I 
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Figure 53. Automated Through- Transmission Ultrasonic lnspection- 
Large Structures 

Figure 54. Through- Transmission Ultrasonic lnspection-Details 
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Figure 55. Fokker Bond Testing of  Skin-to-Cap Bond of l-Stiffener Panel 

Nondestructive inspection techniques evaluated were : 

0 Through-Transmission Ultrasonic, au tomated ,  with computerized printout 

0 Through-Transmission Ultrasonic with manual scanning 

0 Sondicator, low-frequency resonating sound for  use on honeycomb s t ruc tures  
(ref. 13) 

0 Fokker Bond Tester ,  high-frequency pulse/echo sound for use on laminate  
s t ruc tures  (ref. 13) 

0 Low voltage, X-ray 

All defec ts  were de tec tab le  by one or more of the  above techniques. 

5.4.2 Discrepancy Analysis 

The collected rejection tags from all  manufacturing plans were used to catalog 
discrepancies for type,  frequency, assignable cause,  and disposition. These d a t a  
a r e  summarized in Figure 56. 

48 



.................. ........................ 

Percentage of 
total discrepancies 

0 perator/machine error-dimensional, 
not to drawing 32 
Process failurebag broke, test panel fail 14 
Surface discrepancies-resin starvation, scratches 50 

100 

M iscellanews-voids, delamination 4 - 
374 discrepant parts (21.7%) 

1722 parts 

Figure 56. 737 Stabilizer Accept/Reject Evaluation 
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6.0 CONCLUSIONS 

NASA established a program for  primary composi te  s t ruc tures  under t h e  Aircraf t  
Energy Efficiency (ACEE) program. As pa r t  of this  program, Boeing has  redesigned 
and fabricated t h e  horizontal  s tabi l izer  of t h e  737 t ransport  using composi te  
materials.  Five shipsets were  fabricated,  and FAA cer t i f ica t ion  has  been obtained. 
Airline introduction will follow. 

Key program resul ts  are:  

0 

0 

Weight reduct ion g rea t e r  than  t h e  20% goal has  been achieved. 

P a r t s  and assemblies were  readily produced on production-type tooling. 

0 Quality assurance methods were  demonstrated.  

0 Repair  methods were  developed and demonstrated.  

0 Strength and s t i f fness  analyt ical  methods were  substant ia ted by comparison 
with test results.  

0 Cost  d a t a  was  accumulated in a semiproduction environment.  

0 FAA cer t i f ica t ion  has  been obtained. 

The program has  provided t h e  necessary confidence for  t h e  company to commit  use 
of composi te  s t ruc ture  in similar applications on new generat ion a i r c ra f t  and h a s  
laid t h e  groundwork for  design of larger ,  more heavily loaded composi te  primary 
s t ructure .  
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